Metabolic support of collecting duct transport  by Hering-Smith, Kathleen S. & Hamm, L. Lee
ION CHANNELS - MEMBRANE TRANSPORT - INTEGRATIVE PHYSIOLOGY
Metabolic support of collecting duct transport
KATHLEEN S. HERING-SMITH and L. LEE HAMM
Section of Nephrology, Tulane University School of Medicine and Veterans Affairs Medical Center, New Orleans, Louisiana, USA
Metabolic support of collecting duct transport. The present studies
address the metabolic processes that support the reabsorption of sodium
and the secretion of bicarbonate in the interspersed but distinct principal
and intercalated cells of the cortical collecting duct (CCD). In microper-
fused rabbit CCD, sodium reabsorption was measured by lumen-to-bath
22Na flux, and bicarbonate transport was assayed by microcalorimetry.
Flux measurements were made before and after metabolic substrate
changes or application of metabolic inhibitors. Both sodium reabsorption
and bicarbonate secretion were dependent on oxidative metabolism
(inhibited by antimycin A) and appeared to have no special dependence
on glycolysis or the hexose-monophosphate shunt pathways. Endogenous
substrates (in the absence of exogenous metabolic substrates) supported a
small component of sodium transport; in contrast, bicarbonate reabsorp-
tion in the outer medullary collecting duct, which was studied for
comparison, was fully supported by endogenous substrates. In the CCD,
sodium reabsorption was supported best by a mixture of basolateral
metabolic substrates (glucose and acetate, as a fatty acid), whereas
bicarbonate secretion was fully supported by either glucose or acetate.
Alanine, as a representative amino acid, was not an effective metabolic
substrate. Another contrasting feature of the two transport processes was
that bicarbonate secretion, and not sodium transport, was supported to
some extent by luminal glucose. In sum, principal cells and intercalated
cells differ not only in their morphology and function, but also in their
metabolism.
The cortical collecting duct (CCD) reabsorbs sodium, secretes
potassium, and can either reabsorb or secrete HCO3
2. In addi-
tion, water transport occurs with antidiuretic hormone (ADH) in
the presence of transepithelial osmotic gradients. These transport
functions occur in at least two general types of cells, principal cells
and intercalated cells, with two (or more) types of intercalated
cells. Despite a common embryologic origin, the principal and
intercalated cells differ substantially in function and in morphol-
ogy [1, 2]. Sodium and potassium transport occur in the principal
cells and bicarbonate transport in the intercalated cells [3, 4]. The
two cell types also differ substantially in morphology with inter-
calated cells possessing many more mitochondria, among other
distinguishing characteristics [5].
The present studies address the metabolic substrates and
processes that support active transport in the CCD, and also
address whether the cell types differ in their metabolic support for
their transport. Specifically, sodium reabsorption and bicarbonate
secretion are addressed. Bicarbonate secretion is usually found in
CCD from normal, untreated rabbits, and is a function of the
predominant type of intercalated cell in the rabbit CCD, the type
b cell [4].
Little direct information has been available concerning metab-
olism that supports transport in the CCD [6]. Because of the
heterogeneity of the structures in the kidney cortex, traditional
approaches to organ metabolism provide little insight into the
specific metabolism in the CCD. The CCD represents a minority
of the cellular mass of the renal cortex, and is embryologically
derived from different tissue (the ureteric bud) than most of the
preceding nephron structures [1]. In addition, the heterogeneity
of cell types in this nephron segment complicates traditional
metabolic studies.
The approach taken in the present studies involves measure-
ment of active transport either with depletion of metabolic
substrates or in the presence of various metabolic inhibitors. This
functional approach has certain advantages: (1) examination of
minority cell populations, and (2) the study of normally transport-
ing cells.
METHODS
Standard techniques of in vitro microperfusion of isolated
collecting tubules were used as previously described [7, 8]. The
tubules were dissected from kidneys harvested from normal
female New Zealand White rabbits (1.4 to 2.0 kg) fed a standard
rabbit chow. The tubules were perfused (perfusion rate 1 to 5
nl/min, mean 3.4 6 0.1) between glass pipettes, bathed in a
chamber kept at 37°C. Bathing solutions were continuously ex-
changed at 0.3 to 0.5 ml/min in a bath volume of ;1 ml.
Transepithelial voltage (Vte) was measured between Calomel
electrodes with agarose bridges that contacted the perfusion and
bathing solutions. The bathing solution served as reference.
Transepithelial voltage (Vte) was recorded continuously on a
strip-chart recorder. The control Vte was taken as the stable value
immediately preceding solution changes. Bathing solution
changes were accomplished by changing the reservoir syringe that
exchanged the bathing solution.
The bathing solutions contained (in mM) 25 NaHCO3, 5 KCl, 1
MgSO4, 1.2 CaCl2, 5 alanine, 10 sodium acetate, 8.3 glucose, 2
sodium phosphate, and sufficient NaCl to adjust the final osmo-
lality to 290 to 300 mOsm/kg H2O [8]. The bathing solutions were
gassed with 95% O2-5% CO2 at 37°C to yield a final pH of 7.3 to
7.4. To measure nominal unidirectional bicarbonate secretion as
previously reported, the perfusing solutions had a composition
similar to the bathing solutions, except that NaCl was substituted
for NaHCO3 to yield a pH of 6.1 when equilibrated with 95%
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O2-5% CO2 [8]. Also the perfusate contained no metabolic
substrates unless specified. Net bicarbonate transport was mea-
sured in some experiments using 25 mM bicarbonate solutions (pH
7.4) in both perfusate and bath.
The control bath solution contained 8.3 mM glucose, 10 mM
acetate, and 5 mM alanine as potential metabolic substrates. These
substrates were selected as representative substrates based on
their prior extensive use in studies of isolated nephron segments
[7, 8]. Acetate represents a small molecular weight fatty acid;
alanine serves as a representative amino acid. In contrast to other
studies examining a broader spectrum of substrates (mostly in
only a few classes of compounds), the present studies focused on
only representative substrates to compare and contrast the two
distinct transport functions. Unless specified, the perfusate con-
tained no metabolic substrates.
Exhaustively dialyzed [methoxy-3H] inulin was used in the
perfusate as a volume marker. Experiments were eliminated if
calculated fluid flux was greater than 0.1 nl/mm/min, or if inulin
leaked into the bathing solution. Lumen-to-bath sodium reabsorp-
tion was measured using 22Na in the perfusate (. 40 mCi/ml) as
previously described [9]. [Methoxy-3H] inulin and 22Na were
measured in a liquid scintillation counter using appropriate
windows and crossover calculations. Unidirectional sodium reab-
sorption (JNa) was calculated from the equation
JNa 5
Vo@Na#
L 3 Ci*
~Ci* 2 Co*!
where [Na] is the sodium concentration in milliequivalents per
liter, and C*i and C*o are the tracer concentrations in counts per
minute (cpm) per nanoliter in the perfusate and collected fluid,
respectively. L is the tubule length measured by eyepiece micro-
meter and Vo is the collection rate (measured by the time
required to fill constant volume pipettes).
Total CO2 concentrations (predominately HCO3
2 at physiolog-
ical pH) in perfusate and collected samples were determined
using a picapnotherm (WPI, New Haven, CT, USA). Bicarbonate
fluxes (JHCO3), measured as total CO2 fluxes, were calculated
from
JHCO3 5
Vo
L
~Ci 2 Co!
where Ci and Co are the concentrations of total CO2 measured in
the perfusate and collected fluid, respectively. Using a nominally
bicarbonate-free perfusate provides a method of studying unidi-
rectional bicarbonate secretion [8]. Tubules with bicarbonate
secretion less than 5 pmol/mm/min were not studied for bicarbon-
ate flux to avoid interpretation of small changes. Experiments
using symmetrical 25 mM bicarbonate in the perfusate and bath
allow measurements of net bicarbonate transport (representing
the sum of the separate processes of bicarbonate reabsorption and
secretion in the CCT). Net bicarbonate transport was also mea-
sured in medullary collecting tubules (from the inner stripe of the
outer medulla), a segment that does not have bicarbonate secre-
tion, only reabsorption.
The standard protocols (exceptions noted) had an initial equil-
ibration period (approximately 60 to 90 min) and then control flux
measurements were made; next a bathing solution change was
made to a solution with either metabolic inhibitors or different
metabolic substrates, followed by a 30-minute equilibration pe-
riod and repeat flux measurements.
The results are expressed as means 6 SE. Standard paired t-tests
were used to compare experimental periods to control periods,
and ANOVA was used to compare results between experimental
groups. Statistical significance was taken as P , 0.05.
RESULTS
Sodium transport and transepithelial voltage
Baseline lumen-to-bath sodium transport (JNa) was 45.4 6 2.3
pmol/mm/min (N 5 61) and baseline transepithelial voltage (Vte)
was 225.3 6 2.7 mV in the total group of experiments, without
significant differences between groups. In time control experi-
ments (N 5 4), there was no significant change in sodium
transport or Vte with time (JNa 36.7 6 5.5 to 34.9 6 8.2, and Vte
226.4 6 13.1 to 226.8 6 7.7 at 45 minutes after solution
changes). (Note that some time dependent fall in JNa may be
expected in individual experiments based on our previous results
that found a decline to 80 6 9% of baseline JNa after a similar
time period [10].)
The first set of experiments examined JNa and Vte before and
after removal of various metabolic substrates in the peritubular
bathing solution. These experiments are illustrated in Figure 1.
With removal of all metabolic substrates there was a significant
fall in sodium transport to 46.1 6 5.5% of baseline. Vte declined
as illustrated in Figure 2. The residual flux may imply that
endogenous substrates such as glycogen can support a small, but
not complete, amount of sodium transport. However, in these
experiments JNa is measured as lumen-to-bath tracer flux, so that
there is a component of passive diffusion of tracer. In previous
experiments of ours [9, 10] this passive flux (ouabain-insensitive
flux) was ;25 to 30% of the baseline JNa. Therefore the residual
flux in the present series of experiments was higher than expected
based on passive flux alone. The next groups of experiments
examined JNa and Vte before and after removal of all except one
of the initial metabolic substrates, leaving either glucose, acetate,
or alanine as the sole peritubular metabolic substrate. JNa and Vte
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Fig. 1. Sodium reabsorption, expressed as a percentage of the initial flux,
measured after a change in the peritubular bathing solution. Definitions
are: Control, no change in bathing solution substrates; None, change to no
bath (or luminal) substrates; Glucose, bath contained only glucose as a
metabolic substrate; Acetate, bath contained only acetate as a metabolic
substrate; Alanine, bath contained only alanine as a metabolic substrate;
Luminal, no bath substrates, but lumen contained glucose and alanine.
*Significantly different from control protocol.
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fell in each instance and the decline in JNa in each set of
experiments was similar to (and not significantly different from)
the results with removal of all the peritubular metabolic sub-
strates. As discussed below, this surprisingly suggests that a
mixture of metabolic substrates is required to fully support
baseline sodium transport. Figure 2 illustrates that transepithelial
voltage also declined with removal of peritubular metabolic
substrates, consistent with the sodium transport data. Interest-
ingly, the decline in Vte was less with the glucose only and acetate
only groups (Fig. 2), but the variability in the initial Vte between
groups prevents clear statistical analysis of this factor.
To test whether supply of substrates from the lumen could
support active transport, an additional series of experiments
tested whether glucose and alanine in the lumen could support
JNa. (Acetate was excluded in this case to exclude non-ionic
diffusion of acetic acid entering the tubular cells from the acidic
perfusate used in these experiments.) JNa in this protocol also fell
(Fig. 1), but interestingly Vte became positive in 6 of 9 tubules, a
result distinctly different than in the other groups (Fig. 2). This
was addressed further in studies of bicarbonate transport below.
Various metabolic inhibitors were also tested to explore meta-
bolic pathways in the CCD (Fig. 3). Antimycin A (5 3 1026 M), an
inhibitor of oxidative phosphorylation, had the most profound
effect on sodium transport. Iodoacetate (1026 M), an inhibitor of
glycolysis, in the presence of glucose, alanine and acetate, did not
significantly alter sodium transport; however, when glucose was
the sole metabolic substrate, iodoacetate also inhibited sodium
transport. (In the latter experiments, the baseline Vte, before
addition of iodoacetate may have been lower based on the
presence of only glucose as a metabolic substrate during the initial
period.) 6-Aminonicotinamide (5 mM), an inhibitor of the hexose-
monophosphate shunt, also did not significantly inhibit sodium
transport. The inhibitors had analogous effects on transepithelial
voltage, as illustrated in Figure 4.
Bicarbonate secretion
Bicarbonate secretion was studied as another transport function
of the CCD, occurring in a separate cell type. Baseline bicarbon-
ate secretion was 16.0 6 1.4 pmol/mm/min (N 5 53) and there was
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Fig. 2. Mean transepithelial voltage (Vte in mV) in the tubules studied in
Figure 1. Time on the abscissa represents the time after changing from the
control bathing solution to the experimental solutions. Therefore, the
control flux measurements were made at times before 0 on this scale (such
as, 230 to 0 min) and fluxes with experimental solutions began at 30
minutes. Symbols are: (1) control; () none; (V) glucose; () acetate;
() alanine; (M) luminal. Voltage depolarized in all except the control
protocol. Voltage became positive after removal of bath substrates with
luminal substrates present. This positive voltage is consistent with inhibi-
tion of principal cell transport, but maintenance of intercalated cell
transport. *Different from 45 minute value for control, acetate or glucose
protocols. The SE bars not shown for clarity.
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Fig. 3. Effect of metabolic inhibitors on sodium reabsorption, expressed
as a percentage of the control flux. Control was the same as in Figure 1.
Definitions are: Anti-A, antimycin A 5 3 1026 M to inhibit oxidative
phosphorylation; Iodo, iodoacetate 1026 M to inhibit glycolysis; Iodo/glu,
iodoacetate 1026 M with only bath glucose as a metabolic substrate;
6-Amino, 6-aminonicotinamide 5 mM to inhibit the hexose-monophos-
phate shunt. *Significantly different from control protocol by ANOVA.
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Fig. 4. Mean transepithelial voltage (Vte in mV) in the tubules studied in
Figure 3. Inhibitors were added at time 0. Symbols are: (1) control; ()
actinomycin A; (V) iodiacetate; () iodo/glucose; () 6-aminonic.
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only a small non-significant time-dependent fall. Removal of all
substrates significantly inhibited bicarbonate secretion (Fig. 5).
However, in contrast to the results with sodium transport, both
glucose alone and acetate alone were able to fully support
bicarbonate secretion (Fig. 5). Alanine alone was not able to fully
maintain bicarbonate secretion. Also in contrast to the results
with sodium transport, luminal glucose and alanine maintained a
moderate degree of bicarbonate secretion; this was significantly
more than with removal of all substrates, but significantly less than
with peritubular glucose or acetate. Of note, the transepithelial
voltage results in Fig. 2 demonstrate that only with the luminal
substrate protocol did the mean transepithelial voltage become
lumen positive with time; the lumen positive transepithelial
voltage with inhibition of sodium transport with ouabain has been
attributed to H1 secretion by CCD intercalated cells [3]. This
effect of luminal substrates was explored further below.
The effect of various metabolic inhibitors on bicarbonate
secretion was also examined. As shown in Figure 6, neither
iodoacetate nor 6-aminonicotinamide significantly altered bicar-
bonate secretion, in the presence of all substrates. In contrast,
antimycin A significantly inhibited bicarbonate secretion. Also,
iodoacetate in the presence of only glucose as a substrate inhib-
ited bicarbonate secretion.
To further explore the ability of luminal glucose to maintain
bicarbonate transport, net bicarbonate transport (the sum of the
separate processes of secretion and reabsorption) was studied in a
separate group of tubules with symmetrical 25 mM HCO3
2 in the
lumen and bath. As illustrated in Figure 7, net bicarbonate
transport was statistically unaffected by removal of peritubular
metabolic substrates in the presence of luminal glucose. In some
tubules initial bicarbonate secretion decreased, but there was no
indication that H1 secretion, a function of the other intercalated
cell type, was increased or decreased.
To further examine the efficacy of luminal glucose to sustain
bicarbonate transport, net bicarbonate transport was also studied
in medullary collecting ducts from the inner stripe of the outer
medulla, a segment usually with higher rates of bicarbonate
reabsorption. This nephron segment is composed of intercalated
cells that are similar to the H1 secreting intercalated cells of the
CCD. This segment only reabsorbs bicarbonate and therefore
represents a simpler model. These experiments are illustrated in
Figure 8A. In experiments with luminal glucose present, bicar-
bonate reabsorption was not significantly altered by removal of
peritubular metabolic substrates, in contrast to all other transport
experiments with removal of peritubular substrates. However,
additional control experiments were done with no luminal meta-
bolic substrates. Also, in these experiments the removal of
peritubular metabolic substrates had no significant effect on
bicarbonate reabsorption. Thus, bicarbonate reabsorption contin-
ued in the absence of exogenous metabolic substrates. As illus-
trated in Figure 8B, transepithelial voltage in MCD was also not
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Fig. 5. Bicarbonate secretion, expressed as a percentage of the initial
flux, measured after a change in the peritubular bathing solution as in
Figure 1. Protocols are as in Figure 1 legend. *Significantly different from
control protocol. **Significantly more than with no substrates and less
than control protocol.
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Fig. 6. Effect of metabolic inhibitors on bicarbonate secretion, expressed
as a percentage of the control flux. Protocols and notations are as in
Figure 3.
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Fig. 7. Net bicarbonate transport in the CCT with 25 mM bicarbonate in
both perfusate and bath. Data from individual tubules are shown. Tubules
were studied in three periods: an initial control bath period (with the
control substrate mixture) and two sequential periods with no peritubular
metabolic substrates. Luminal glucose was present throughout. Elimina-
tion of bath substrates caused no significant change in net bicarbonate
transport in the presence of luminal glucose. (Negative net bicarbonate
transport 5 bicarbonate secretion.)
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altered significantly by removal of peritubular metabolic sub-
strates both in the presence and absence of luminal glucose.
Interestingly, bicarbonate reabsorption was higher, but transepi-
thelial voltage lower, in the presence of luminal glucose.
DISCUSSION
In summary, the present data indicate that sodium reabsorption
and bicarbonate secretion are both acutely linked to active
metabolic processes as expected. However, the specific metabolic
processes supporting the two transport functions appear to differ
substantially. Sodium transport appears to be best supported by a
mixture of metabolic substrates since none of the single substrates
supported full transport. In contrast, bicarbonate secretion was
fully supported by either glucose or acetate, but not alanine, as a
sole substrate. Another contrast was that luminal substrates
appeared capable of supporting significant (but not full) active
bicarbonate secretion but not sodium reabsorption in the CCD. In
the cortical collecting duct, neither sodium nor bicarbonate
transport was fully supported by endogenous substrates. In con-
trast, the data with outer medullary collecting ducts (from the
inner stripe) suggest that endogenous substrates can support
active transport for at least 45 minutes, which is the length of time
after substrate removal. The data using metabolic inhibitors
suggest that inhibition of glycolysis (with iodoacetate) or inhibi-
tion of the hexose-monophosphate shunt (with 6-aminonicotin-
amide) is insufficient to alter either sodium or bicarbonate
transport in the presence of a mixture of substrates. This contrasts
with suggestions from other models for possible special roles for
glycolysis and/or the hexose-monophosphate shunt in sodium or
acid-base transport [6]. In the presence of only glucose as a
substrate, inhibition of glycolysis does inhibit both forms of
transport; metabolism of glucose must proceed through glycolysis
for oxidative phosphorylation. Since oxidative phosphorylation,
tested with antimycin A, is required for both sodium and bicar-
bonate transport, anaerobic glycolysis must be insufficient to fully
support transport in the CCD, despite evidence discussed below
that the CCD has significant anaerobic glycolysis [11, 12].
Both sodium reabsorption and HCO3
2 secretion are thought to
be active, energy-requiring processes, and, indeed, the present
study supports this conclusion. Little passive transport of ions
occurs in this classic “tight” epithelium. Sodium reabsorption
occurs via apical sodium channels and basolateral Na1,K1-
ATPase in the principal cells [2]. Acid-base transport occurs via
the less numerous intercalated cells (IC) [3]. Although the CCD
can secrete H1 (and reabsorb HCO3
2) via type A or a-IC when
the tubules are obtained from acid-loaded or starved animals,
HCO3
2 secretion is usually found in rabbit CCD [4]. HCO3
2
secretion occurs via apical Cl2/HCO3
2 exchange and basolateral
H1 extrusion in type B or b-IC [4]. This basolateral H1 extrusion
probably occurs via a vacuolar-type H1-ATPase, although
H1,K1-ATPase or Na1 linked transporters have been implicated
by some studies. Our interest in the metabolism of the separate
processes was prompted both by the lack of this basic information
and by the known drastic differences between these interspersed
cell types with the same embryologic origin.
Despite considerable information about the mechanisms of
these transport systems, the metabolic processes supporting trans-
port in this nephron segment has been studied little. Much of the
available information pertains to overall CCD metabolism, not
accounting for cellular heterogeneity [6]. Studies of metabolic
enzymes along the nephron have demonstrated a relative abun-
dance of glycolytic enzymes and a lower activity of mitochondrial
enzymes in the CCD compared to the proximal tubule [13, 14].
However, the intercalated cells are known to have more abundant
mitochondria than principal cells [2]. Studies of 14CO2 evolution
from labeled substrates have demonstrated glucose . lactate .
glutamate metabolism in the rat CCD [15]. More recent studies of
adenosine 59triphosphate (ATP) content in mouse tubules have
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Fig. 8. Medullary collecting tubules from the inner stripe of the outer
medulla were studied similarly to the CCT in Figure 7. (A) Medullar
collecting tubules (MCT) were studied with bath substrate removal either
with no luminal substrates (l) or with luminal glucose (V) (B) Vte was
recorded in the experiments shown in panel A. Elimination of substrates
had no significant effect on either bicarbonate reabsorption or transepi-
thelial voltage, suggesting the availability of endogenous substrates.
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shown the following rank order of substrates to maintain ATP
levels: glucose . lactate 5 b-hydroxybutyrate . glutamine .
endogenous substrates [12]. Studies of lactate production (anaer-
obic glycolysis) have shown the capacity for significant amounts of
anaerobic glycolysis. Bagnasco et al found significant stimulation
of lactate production in non-perfused rat CCD with addition of
antimycin A [11]. Similarly, measuring cellular ATP levels in
non-perfused tubules from mouse and rat, respectively, Uchida
and Endou [12] and Torikai [16] found that antimycin A only
decreased ATP levels approximately 38 to 50% in contrast to
other more sensitive segments; this implies anaerobic metabolism
can maintain significant cellular ATP. However, based on the
present data, either this residual ATP is insufficient to support
transport in the CCD or perfusion (allowing transport activity)
rapidly depletes ATP provided solely by anaerobic metabolism,
perhaps in contrast to the situation with non-perfused tubules.
Uchida and Endou [12] and Torikai [16] also found that endog-
enous substrates can maintain significant ATP levels in non-
perfused rodent CCD. Although these prior studies provide some
insight into whole CCD metabolism, these studies do not address
the distinct cell types or the link between metabolism and
transport. Recently Nonaka and Stokes [17] did study the meta-
bolic support for sodium transport in the rabbit CCD by electro-
physiologic techniques.
Nonaka and Stokes [17] used predominantly analysis of equiv-
alent current (Ieq) to measure sodium transport in CCD from
deoxycorticosterone treated rabbits. They found that oxidative
metabolism was required for most of sodium transport. Removal
of all substrates, as in the present study, markedly reduced Ieq,
but not to zero in most tubules [17]. They also had evidence that
withdrawal of metabolic substrates altered ion conductances,
perhaps separately from the direct effect of energy (that is, ATP)
provision for Na1,K1-ATPase. In their studies, basolateral glu-
cose, lactate, and the short chain organic acids acetate, butyrate,
and hexanoate could support sodium transport, whereas amino
acids could not [17].
In general, our data on sodium transport are complementary
with the data of Nonaka and Stokes [17] and both differ somewhat
from the implications of some of the studies of non-perfused
rodent tubules discussed above [11, 12, 16]. Both the present
studies and those of Nonaka and Stokes [17] have found that
oxidative metabolism is required for sodium transport (antimycin
A; Fig. 3), that glycolysis has no special role (iodoacetate; Fig. 3),
and that endogenous substrates poorly support sodium transport
(Fig. 1). Our data do differ in some aspects. Surprisingly, our
studies suggest that no single substrate including glucose main-
tains baseline JNa and therefore, a mixture of metabolic substrates
may be required to fully support baseline sodium transport. This
differs from the inferences of Nonaka and Stokes who found that
glucose alone adequately supported sodium transport and that
other substrates added to glucose did not augment sodium
transport [17]. However, the data of Nonaka and Stokes do
contain some suggestion that a mixture of substrates might have
some influence on Na transport. In their data, prior exposure to a
suitable substrate increased the subsequent transport rate with
glucose only, raising at least some possibility that initial combina-
tions of substrates from the start of in vitro perfusion might have
produced higher transport rates. Other differences in protocols
(method of measuring JNa, mineralocorticoid status, etc.) pre-
clude adequate resolution of this apparent discrepancy. Enhanced
metabolic support of transport with a mixture of substrates may be
similar to that in the rabbit medullary thick ascending limb [18].
Studies in a renal cell line have also suggested that Na1,K1-
ATPase activity is higher when ATP is produced from both
glycolysis and oxidative phosphorylation [19]. Of note, although
we found that a mixture of substrates was more effective in
supporting JNa than any single substrate, the transepithelial
voltage data suggest that glucose 5 acetate . alanine . no
substrates in supporting active transport, consistent with the data
of Nonaka and Stokes [17].
Bicarbonate transport linkage to metabolism has not previously
been examined in the cortical and outer medullary collecting
ducts. The present studies demonstrate that metabolic support for
bicarbonate transport by intercalated cells also requires oxidative
metabolism but differs in several aspects from that for sodium
transport. Bicarbonate secretion (nominally unidirectional) was
studied in the cortical collecting duct since this is the usual process
in rabbits on a normal diet [4]. Bicarbonate reabsorption was
studied only in outer medullary collecting ducts (inner stripe).
Both glucose and acetate alone were able to fully support
bicarbonate secretion as well as the initial control mixture of
substrates. Also, both the voltage data of Figure 2 and the data of
Figure 5 demonstrate that luminal substrates may support some
active transport in intercalated cells. In Figure 5, luminal glucose
(and alanine) allowed significantly more bicarbonate secretion
than in the absence of substrates or the presence of only basolat-
eral alanine; luminal substrates were not as effective as basolat-
eral substrates. The alanine in the luminal solution in these
experiments is presumably ineffective since alanine alone from
basolateral surface was ineffective (Fig. 5). The voltage data of
Figure 2 suggests that luminal glucose may also be able to support
active H1 secretion, a function of an intercalated cell type distinct
from that mediating bicarbonate secretion. Under a variety of
conditions, most notably ouabain to inhibit Na1,K1-ATPase, a
lumen positive voltage in the cortical collecting duct has been
ascribed to H1 secretion (bicarbonate reabsorption) [3]. Luminal
substrate support of bicarbonate reabsorption was explicitly stud-
ied in outer medullary collecting ducts, but endogenous substrates
prevented analysis of the effects of luminal substrates.
Luminal substrates were not effective for sodium transport in
the CCD (Fig. 1). This is not surprising for a distal nephron
segment since usually most metabolic substrates have been reab-
sorbed in the more proximal parts of the nephron and also since
suitable transport proteins (or processes) have not been described
for the apical membranes of the distal nephron segments, in
contrast to the transporters present in the proximal tubule.
Surprisingly luminal glucose (with alanine) did appear to support
bicarbonate secretion to some extent (and a lumen positive
voltage, possibly from H1 secretion) as discussed above. The
mechanism of this is not clear since glucose transport proteins
have not been described in the apical membranes of rat interca-
lated cells [20, 21]. The basolateral membranes of CCD interca-
lated cells stain intensely for the GLUT 1 glucose transporter, but
no apical staining has been shown [20]. GLUT 3 and 4 are also
found in the collecting duct (of rat at least), but in basolateral and
perinuclear cytoplasmic location [21]. However, other isoforms
that have not been carefully studied could be present. The
physiologic or pathophysiologic significance of luminal substrate
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utilization is unknown. Luminal substrates in the distal tubule are
only present in pathophysiologic processes such as substrate
overload (such as uncontrolled diabetes) or proximal tubule
transport defects.
Endogenous substrates appear to be able to support some
transport in both the cortical and outer medullary collecting ducts.
Our data and that of Nonaka and Stokes suggest that endogenous
substrates can support a small amount of sodium transport [17]. If
active JNa is 70 to 75% of total tracer flux as we previously found
[9, 10] and removal of substrates reduces JNa to ;45% of baseline
flux, then the residual active flux is ; 15 to 20% of the initial total
flux (or ;20 to 25% of the initial active flux). (Note, however, that
removal of exogenous substrates reduces total tubule electrical
conductance [17] and so may decrease passive Na flux as well.)
This is qualitatively similar to the results of Nonaka and Stokes
[17] although they had a smaller component of residual apparent
sodium flux. Our findings are consistent with previous metabolic
studies in non-perfused CCD which suggested that endogenous
substrates can maintain moderate ATP levels for a considerable
period of time [12, 16]. Our data on bicarbonate transport in the
MCD (Fig. 8) clearly demonstrate that endogenous substrates can
fully support active transport in this segment for a considerable
period of time (at least 45 min). This is again consistent with prior
metabolic studies of non-perfused rodent tubules [12, 16]. Rabbit
medullary thick ascending limbs, but apparently not cortical thick
ascending limbs, are also capable of significantly utilizing endog-
enous substrates [18, 22]. In the case of medullary thick ascending
limbs, endogenous lipids appear to account for this transport [18].
Endogenous lipids or glycogen could represent the endogenous
substrate apparent in the collecting duct segments examined in
the present study. Significant glycogen presence in the rabbit
collecting duct has been documented in older studies [23, 24].
Utilization of endogenous substrates may correspond to the
relative sparing of collecting ducts compared to other nephron
segments during renal ischemia.
Glucose metabolism via glycolysis or via the hexose-monophos-
phate shunt pathway has been reputed to have particular links to
either sodium or acid-base transport [6]. Our studies suggest that
glycolysis per se has no special role in supporting baseline sodium
and bicarbonate transport. With a mixture of substrates, iodoac-
etate had no effect on either transport process. In the presence of
only glucose as a metabolic substrate, iodoacetate did modestly
inhibit both transport pathways, implying that glucose must
proceed through glycolysis (that is, to the Kreb’s cycle), but this
does not implicate the energy from glycolysis itself. This finding
contrasts with some studies from a variety of cell types suggesting
a special role or linkage of glycolysis with Na,K-ATPase linked
transport [19, 25–27]. Previous studies in the S3 proximal tubule
had also suggested preferential utilization of ATP from glycolysis
for H1-ATPase [28]; the present studies contrast with this despite
the known role of H1-ATPase in bicarbonate secretion. We also
found no special role for the hexose-monophosphate shunt path-
way in bicarbonate secretion (or sodium transport), again in
contrast to some suggestions from turtle bladder studies of H1
transport [29].
Fatty acid metabolism, represented by acetate metabolism, is
clearly able to support bicarbonate transport, and with glucose
probably adds to support of sodium transport. Amino acid
metabolism, at least as represented by alanine, appears not to
contribute particularly to either sodium or bicarbonate transport.
In conclusion, sodium and bicarbonate transport in the cortical
collecting duct are both linked to oxidative metabolism, but differ
in several aspects, consistent with their separation in differing cell
types. Sodium transport is best supported by a mixture of meta-
bolic substrates. Bicarbonate secretion is supported well by either
glucose or acetate (as a fatty acid source) metabolism alone. In
addition, bicarbonate transport may be partially supported by
luminal substrates. Endogenous substrates may support some
degree of sodium transport in the cortical collecting duct and can
fully support bicarbonate reabsorption in the outer medullary
collecting duct.
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